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Abstract

In this paper we address the need for wireless network densification. We propose a solution wherein the wired backhaul
employed in heterogeneous cellular networks is replaced with wireless links, while maintaining the rate requirements
of the uplink and downlink traffic of each user. The first component of our solution consists of a two-way, two-phase
communication between the macro base station and a user in a small cell through the small cell base station. The second
component consists of an optimized adjustment of the transmit power from the macro base station during the multiple
access phase of the two-way protocol. The transmit power is set high enough to enable successive decoding at the small
cell base station where the downlink data to the user is first decoded and its contribution removed from the received signal
followed by the uplink data from the user. The decoding of the second layer, the uplink traffic to the user, remains identical
to the one performed in a wired system. In the broadcast phase, the decoding of the downlink traffic can also be guaranteed
to remain identical. Hence, our solution claims an emulation of a wired backhaul with wireless network coding with same
performance. We provide numerical examples involving a macro base stations serving a single small cell or two small cells.
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Motivation and Introduction

There is a growing evidence that small cells will play a major role in the upcoming generation of wireless communication systems [1]. This is in line with the trend of wireless network densification [2], which indicates that the bit rate per
unit area will grow immensely. The key element in small cell deployments is the backhaul connection that connects the
small cell Base Stations (SBSs) to the infrastructure. The choice of the backhaul needs to hit the right tradeoff between the
connectivity and deployment flexibility/cost, thus putting into consideration a mix of wired and wireless backhaul solutions.
Fig. 1 shows an example deployment of three small cells within the coverage area of the macrocell. Each Small Base
Station (SBS) uses a wired backhaul to connect to the common infrastructure. We consider a Time-Division Duplex (TDD)
operation and each Mobile Station (MS) associated with one SBS uses equal periods, each of duration T , to receive the
downlink traffic from the SBS and transmit the uplink traffic to the SBS. Specifically, the downlink and uplink data rate of
the k−th user terminal is denoted by RD,k and RU,k , respectively. When there is no danger of causing confusion, we will
drop the index k and use simply RD and RU . The capacity of the backhaul link is denoted by CB and it is assumed that:
CB ≥ max{RD , RU }.

(1)

Two observations are in order. First, even if the wired backhaul is capable of full-duplex transmission, it is essentially used
in a TDD manner, as dictated by the TDD regime in the wireless access part, from SBS to the terminal. This means that, at
a given instant, the data flow over the wire can be considered to be unidirectional. Second, the capacity CB of the wire does
not need to be excessively high. It needs to be just above the uplink/downlink rates that can be supported by the wireless
access part, in order for (1) to be satisfied. If multiple users are present in the small cells, then RD and RU in (1) represent
the sum-rates of all users.
The central question treated in this paper is the following: How to remove the wired backhaul and rely on wireless
connections between BS and the SBSs, while preserving the same performance of the two-way communication with a
Mobile Station connected to the small cell?
The motivation for doing that is the need for network densification and deployment of SBSs that is rapid, flexible and
low cost. We will refer to the solution of the above problem as a Wireless-Emulated Wire (WEW), since we would like to
preserve the uplink/downlink rates of the user to be the same as if the wired backhaul is present. The main assumption is
that the wireless backhaul BS-SBS link uses the same spectrum as the link SBS-MS, which implies that SBS has the role
of a relay. WEW is possible only when two-way traffic is considered from the MS.
The operation of WEW is based on two principles: First, by having both BS and a MS transmitting to each SBS
simultaneously, we create a two-way communication flow between them. This is enabled by the principle of network
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Figure 1: (a) Original deployment with wired backhauls (b) Deployment where the wired backhaul is emulated by the
wireless backhaul.
coding [4], [5]. Second, each transmitting node knows its own signal a priori, and can therefore subtract it from any
received signal. Previously, these principles have been applied in [6], [7] in the study of coordinated transmissions in a
cellular network. We use these principles in creating a wireless backhaul solution.
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System Model

We consider a cellular scenario consisting of one BS and several SBSs. Each SBS serves a number of MSs in its
small cell. The case of one BS and three SBSs is shown in Figure 1(b). All MSs are assumed to have two-way, infinitely
backlogged traffic to the BS. In our model, every node is assumed to have full Channel State Information (CSI). The uplink
rate requirement of MSi-j is RU ij bps, while it has a downlink rate requirement of RDij bps. All nodes are assumed to
operate in half-duplex mode. Without loss of generality, we normalize the bandwidth to 1 Hz. Since we impose that WEW
needs to be transparent to the MSs, their transmission power is assumed to be the same as the wired backhaul case, as is
the channel between each MS and its SBS. Each SBS has a fixed transmission power identical to the wired backhaul case.
In order for that to work, we need to assume that the channel SBS-BS is better than the channel SBS-MS. WIth that, SBS
can broadcast XOR-ed data to both BS and MS at the rate of the SBS-MS link, which is identical to the downlink rate in
the wired backhaul. Our goal is thus to find the minimal transmission power at the BS, such that the rate requirements of
the MSs can be fulfilled.
The uplink and downlink transmissions are done over two phases. In the first phase (Multiple Access (MA) phase), the
BS and MSi-j transmit simultaneously to SBSi. The Multiple Access Channel (MAC) rate region at each SBSi consists of
all uplink and downlink rates that are achievable at this SBSi, and depends on the transmission power at the BS and MS.
Since each MS transmits at rate equal to capacity of the link MS-SBS, each SBS is required to decode all received signals,
such that th uplink signal from the MS is decoded last, in absence of any interference and thus under identical conditions
as in the wired case. In the second phase (the Broadcast Channel (BC) phase), the SBS transmits the exclusive-or (XOR)
of the decoded signals in the first phase. The BS and each MS then receive this signal, and because each node knows its
own transmitted signal (has side information), it can decode the XORed signal to obtain the desired signal.
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WEW with one SBS and one MS

We first consider the case of one MS, one SBS and one BS. The channel between MS and SBS has capacity C(γM ) =
2
log2 (1 + γM ), where γM = PM σ|h2M | is the SNR between MS and SBS, PM is the transmit power of the MS, and σ 2
the power of the additive white Gaussian noise. This channel is assumed to be able to support the rates RD and RU , i.e.
RD , RU ≤ C (1 + γM ). For the SBS-BS link, we need to find the PB that supports the rate RD . At the SBS, we have a
MAC with rate bounds
RU ≤ C(γM ),

(2)

RD ≤ C(γB ),

(3)

RU + RD ≤ C(γM + γB ).

(4)

By assumption, MS transmits at rate equal to capacity, so RU = C(γM ). Then, we need to solve the third inequality for
PB , to find the condition on the transmission power. We have


log2

log2 (1 + γM ) + RD ≤ log2 (1 + γM + γD ) ⇔
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(5)
(6)
(7)

which is the condition on the transmission power at the BS, PB , in order for the SBS-BS link to support the required rates.
The feasibility of WEW for the second phase follows from the assumption that the MS-SBS channel is identical to the
wired backhaul case, and from Eq (1).

5

WEW with two SBSs and two MSs

To illustrate the case of two small cells, we consider a scenario consisting of one BS, two small BSs SBS1 and SBS2,
each serving one MS. The channel between SBSi and its MS is hM i ∈ C, while the channel between BS and SBSi
is hBi ∈ C[2M ×1] , M being the number of antennas at the BS. The BS uses zero forcing to create spatially separated
channels [3], and wBi ∈ C[2M ×1] is the beam forming vector for SBSi. The downlink signal for MSi is xBi ∈ C, which
is transmitted with power PBi . The uplink signal is xM i ∈ C. The noise at node k is denoted zk and is assumed to be zero
mean complex Gaussian. In the first phase (MA phase), BS transmits the signal
1

1

wB1 (PB1 ) 2 xB1 + wB2 (PB2 ) 2 xB2 .

(8)

At each SBS, the signal ySi is received, where
1

1

1

H
2
2
2
ySi = hH
Bi wBi (PBi ) xBi + hBi wBj (PBj ) xBj + hM i (PM i ) xM i + zSi
1
2

1
2

= hH
Bi wBi (PBi ) xBi + hM i (PM i ) xM i + zSi ,

(9)
(10)

where i, j = 1, 2, i 6= j, and where we have used that hH
Bi wBj = 0 from the zero forcing.
2
2
The power in the signal from BS to SBSi is PBi |hH
Bi wBi | , and the noise power is σ . Because we assume that each
MS transmits at rate equal to capacity of its link, the SNR of the link between MSi-i and SBSi is γM i = 2RU i − 1 The SNR
P |hH w |2
between BS and SBSi is γBi = Bi σBi2 Bi . From this, we can determine the rate region at SBSi in the MAC phase:

RU i ≤ log2 (1 + γM i ) ,

(11)

RDi ≤ log2 (1 + γBi ) ,

(12)

RU i + RDi ≤ log2 (1 + γM i + γBi ) .

(13)

Assuming equality in (11), since user transmits at full rate, we substitute (11) into (13). After some manipulations, we get

σ 2 (1 + γM i ) 2RDi − 1
≤ PBi ,
(14)
2
|hH
Bi wBi |
which is the condition on the transmission power of the BS for SBSi. The conditions for the second phase follow from the
same arguments as the single SBS case, and that the BS uses receive zero forcing.
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Numerical Examples

To evaluate the performance of WEW, we consider the setup of one BS and two SBSs, each of which serving one
MS. Two cases are considered, the BS having either 2 or 3 antennas. In both cases, we show three different uplink rate
requirements, and for each of these, we vary the downlink rate requirements. Each channel element is assumed to be
zero-mean circulary complex symmetric Gaussian. For the case of 2 antennas, which is shown in Fig. 2, we see that for
increasing downlink rates, the required minimum transmission power at the BS increases. For the uplink rates, we see that
an increase by a factor of 2 requires an increase in transmission power by approximately 8 dB. For the case of 3 antennas
at the BS, shown in Fig. 3, we see the same behaviour. However, in this case, the BS has 3 antennas, which means that it
has 3 degrees of freedom in performing the zero forcing. This translates into a decrease in minimal transmission power of
about 10 dB, compared to the 2 antenna case, when considering the same uplink and downlink rate requirements.
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Figure 2: Case of 2 antennas at BS.

Figure 3: Case of 3 antennas at BS.
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Conclusion

In this paper, we have investigated solutions for addressing the network densification challenge in next-generation
wireless networks. We have proposed a wireless backhaul solution and provided conditions under which it can emulate
a wired backhaul solution, in a way that is transparent, at the physical layer, for the end user. We have looked at two
examples, with a single and two SBSs, respectively. For a single MS we have determined the minimal power required for
emulation, while for the case of two small cells, we have used zero forcing at the BS to spatially separate the data streams.
Numerical results were provided to show the relative performance in terms of transmission power for several uplink and
downlink rates.
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